Phenolphthalein-containing novolacs are known [1, 2] , and also novolacs based on phenolphthalein imide (or anilide) [3, 4] . Crosslinked copolymers based on them are noted for high heat resistance (in particular, phthalimidine-containing copolymers), while phthalidecontaining copolymers are capable, moreover, of exhibiting the effect of electron switching under external effects, similarly to well-known cured phenolphthaleincontaining resol resins [5] .
Along with these, resol resins based on ternary mixtures of phenol, phenolphthalein, and phthalimidinecontaining bisphenols and crosslinked copolymers based on them, combining the valuable properties of copolymers containing only phthalide or only phthalimidine groups, are known, and here it has been shown that the presence in the copolymers simultaneously of phthalimidine and phthalide groups can have a positive effect on their properties [5] . However, the initial resol resins have a lower stability during storage and transportation, while the copolymers based on them, moreover, have insufficiently high strength characteristics.
On this basis, it is an urgent task to produce copolymers simultaneously containing phthalide and phthalimidine groups that are stable during storage, and also crosslinked copolymers based on them that are capable of possessing a combination of valuable properties characteristic of phthalide-and phthalimidinecontaining copolymers.
To solve the indicated problem, investigations were undertaken to synthesise phenol formaldehyde cooligomers of the novolac type based on ternary mixtures of phenol, phenolphthalein (PP), and phthalimidinecontaining bisphenols -phenolphthalein imide (PPI) and phenolphthalein anilide (PPA) -and to produce crosslinked copolymers based on them.
The term 'phenol formaldehyde co-oligomer' referred to above and used below is nominal, as at the stage of condensation of the mixture of phenols with formaldehyde the novolac formed with a length of the oligomer chain of 10 units, and especially with a low content of one of the initial phenols (1-3 mol%), cannot strictly be called a co-oligomer and is actually a complex mixture of homo-and co-oligomers in different combinations. The term 'copolymer' is only accurate when applied to crosslinked systems produced by curing of the indicated co-oligomers. As shown earlier [1] [2] [3] [4] , the initial bisphenols used (phenolphthalein, phenolphthalein imide and anilide) possess high reactivity in reactions with formaldehyde in an acidic medium (contain four active hydrogen atoms in o-positions to the phenolic groups). Therefore, when traditional conditions are used for the production of novolacs based on them [molar ratio of formaldehyde and phenols 6:7 (1:0.86), temperature regime 95-100°C] [6] , there is a danger of premature crosslinking during their synthesis [1] [2] [3] [4] . For this reason, in the production of co-oligophenol formaldehyde novolacs, a smaller quantity of formaldehyde was used, and the process was conducted at a lower temperature.
Novolacs were produced in an aqueous medium by the interaction of formaldehyde with mixtures of phenol, phenolphthalein, and phenolphthalein imide (or anilide) with their different weight ratios in the initial mixtures with a molar ratio of phenols and formaldehyde of 1:0.7 at a temperature of 75-90°C in aqueous solution in the presence of acidic catalysts by Scheme 1.
It must be pointed out that in the given scheme a simplified version of the structure of the formed cooligomers is presented, where the units are connected only via the o-positions of the aromatic nuclei, while, along with this, the formation of p-bonds is possible.
By the given method, co-oligophenol formaldehyde novolacs (I) based on ternary mixtures containing PP and PPI (or PPA), taken in equal quantities from 1.5 to 20 wt%, were obtained in 76-96% yield.
The co-oligomers obtained are powder products soluble in organic solvents that, in contrast to resol resins, have an unlimited storage life. Their properties are presented in Table 1 .
The structure of the obtained novolacs was confirmed by IR spectra. Figure 1 gives the IR spectrum of novolac 5 by way of example.
The presence of phthalide and phthalimidine rings is confirmed by the presence in the IR spectra of intense bands with a maximum at 1736 and 1698 cm −1 , which are due to stretching vibrations (C=O) of phthalide and phthalimidine rings respectively, in accordance with published data [1] [2] [3] [4] [5] .
Crosslinked copolymers based on novolacs were produced by compression m o u l d i n g . U r o t r o p i n [hexamethylenetetramine (HMTA)], dimethylol derivative of p-cresol (DMDC), and SF-3021 phenolic resol resin were used as the curing agents. The results obtained are given in Table 2 . The number of the initial novolac corresponds to its number in Table 1 . For comparison, in the three bottom rows of the table, indices for cured phenolic novolac not containing bisphenols with phthalide and phthalimidine groups are given, and also for copolymers based on bindary 
From the data given it can be seen that the strength properties of the copolymers depend on the structure of the phthalimidine-containing bisphenol and its quantity in the initial mixtures, and also on the nature of the curing agent used, and vary in a wide range from 26.7 to 81.6 MPa, and from 1.4 to 4.9 kJ/m 2 , and here a general pattern of considerable increase in the strength characteristics as the overall quantity of phthalide-and phthalimidinecontaining bisphenols decreases is observed, which is especially marked in the region from 10 to 3%. The maximum achieved values of the bending stress causing failure and specific impact strength are possessed by a copolymer based on a mixture containing 1.5% PP and 1.5% phenolphthalein imide (81.6 MPa and 4.9 kJ/m 2 ), which are more than double the indices of a copolymer based on phenolic novolac not containing a mixture of bisphenols (37.1 MPa and 1.7 kJ/m 2 ).
It must be pointed out that, for copolymers based on binary mixtures, the maximum achieved indices do not exceed 62.0 MPa and 3.3 kJ/m 2 , as follows from the literature data presented in the bottom rows of the table [1] [2] [3] [4] .
Thus, the combined presence of phthalide-and phthalimidine-containing bisphenols in the composition of the obtained copolymers provides them with increased strength characteristics with minimal quantities of bisphenols.
In comparison with copolymers based on analogous resols based on ternary mixtures, the obtained copolymers have far superior (more than twice as high) strength properties (see the footnote to Table 2 ) [5] , and here the increased stability of the obtained novolacs and the possibility of controlling the structure and properties of the copolymers by using different curing agents in the production of crosslinked copolymers based on them are also important advantages of the obtained novolacs.
The crosslinked copolymers obtained are also noted for high heat resistance. The given characteristics were determined by dynamic thermogravimetric analysis (DTGA) from the temperatures at which specimens of crosslinked copolymers lose 10 and 20% of their weight during heating to 900°C. Table 3 gives indices of the heat resistance of the cured novolacs and analogues [1] . The number of the novolac in Table 3 corresponds to its number in Table 1 . In the bottom row of the table, for comparison, published data for copolymers based on analogous resol resins [5] are given.
From the results presented it can be seen that in terms of index T 1 the crosslinked copolymers obtained are far superior to analogous cured resol resins based on ternary mixtures (the maximum achieved temperature of 10% losses amounts to 470°C, in comparison with 405°C for the analogues), while in terms of T 2 they are inferior to them.
An analysis of data of dynamic thermogravimetric analysis makes it possible to reveal a pattern of increase in heat resistance (similarly to the strength properties) as the overall quantity of phthalide-and phthalimidinecontaining bisphenols in the copolymers decreases, which can be observed for the case of copolymers 1, 2, and 4 (T 1 and T 2 increase from 370 to 470°C and from 482 to 520°C, respectively, as the overall quantity of bisphenols decreases from 40 to 3%).
EXPErImENTaL
Phenolphthalein imide was synthesised by the procedure described by Errera and Gasparini [7] and modified later by Salazkin et al. [8] : yield 80.7%, T m = 281-282°C (according to literature data [8] , 281-281.5°C), anal. calcd -C 75.9%, H 4.5%, N 4.3%, found -C 75.7%, H 4.7%, N 4.4%.
Phenolphthalein anilide was synthesised by the procedure described by Albert [9] and modified later by Salazkin et al. [8] : yield 84.7%, T m = 288-289°C (according to literature data [8] , 289-290°C), anal. calcd -C 79.6%, H 4.8%, N 3.6%, found -C 79.4%, H 4.6%, N 3.6%.
ACS reagent-grade phenolphthalein (ACROS, Thermo Fisher Scientific) was used without additional purification.
Below, by way of example, a typical procedure for the synthesis of one of the novolacs is given.
Synthesis of a novolac based on phenol, PP, and PPI in a 95:2.5:2.5 (wt:wt:wt) ratio (novolac 2 in Table 1 The IR spectra were recorded on a Tensor 37 IR Fourier spectrometer (Bruker).
Thermogravimetric investigations were carried out on a Derivatograph-C instrument (MOM, Hungary) at a heating rate of 5°C/min in air on specimens weighing ~20 mg. 
